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By Lawrence I. Gould 

A n  investigation w&8 conducted. i n  a 3.4- by 3.4-inch  duct t o  
deterrmine same characterbt ics  of the supersonic flow downstream of 
f o m  wire-mesh screen  nozzles  with nnmj.nal design Mach mmberE in  the 
range betiween 1.97 a;nd 2.58. V i s u a l  data,  transverse Mach  number a;nd 
static-preseure  distributions at several axial s t a t ions ,  the   to ta l -  
preesure loss acroBs the screens, and axial  static-pressure  gradients 
were used t o  evaluate  the flow. 

Two types of disturbance were  ob60rved i n  the flow f i e ld :  a f ine  
network of interacting expansion and ccanpression waves wbich formed 
Immediately downstream of the screens and appeared t o  dissipate 
within 25 t o  40 wave intersections; and relatively  strong  oblique shock . 
mves that originated at t he  junction6 of the  screens and the w a l l s  and 
were reflected throughout the ~-e& of the duct. m e  distance required 
f o r  the network of waves to   d i ss ipa te  appeared t o  decrease w i t h  
increasing  density of the  interaction6 . Regions of f a i r l y  uniform f low 
existed beyond the network in  central  regions of the shock diamonds. 

The total-pressure loss asrms the screen6 (from 22 percent at 
Mach  number 1.58 t o  43 percent at Mach number 2.06) recorded at  axial  
stations where the f low was considered m o s t  uniform w-aa very large com- 
pared w i t h  the l o s s  across  conventional bra-dimensional nozzles. The 
corresponding Mach Dlrmbera (approximately 80 percent of ncaninal values 
predicted by one-dlmensional isentropic  theory over  range investigated) 
reflected,  in part, these losses. 

ImTRoDUCTION 

Among the  different  nozzle  configurations considered. f o r  obtaining 
supersonic flow i n  a wind tunnel, the multinozzle has attracted  interest  
became of its short length. Investigation of a conical  multinozzle 
consisting of a metal plate wlth convergent-divergent holes 
(reference 1) indicate the possibility of obtaining uniform flow at 
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some distance downstream of such a unit,  but a t  the expense of' a high 
loss in total  pressure. Tests with two-dimensional grating  nozzles,  also 
reported in reference 1, reveal severe wake effects  result ing from 
vortices shed from the t r a i l i ng  edges of the grates, though the pressure 
losses were appeciably lower than those across the  perforated plate. 

Upon the suggestion of Dr. John Eward of the  ISACA Lewis laboratory, 
a p r e l h i n a r y  Investigation was conducted w i t h  nozzles made of w l r e  meeh 
t o  determine t h e  feaaibi l i tg  of using such abnple units t o  establish 
superaonio flow. Although appreciable pressure lossee might be expected. 
acros8 this extrame c u e  of the multinozzle, it was reasoned that the 
wake effects would dissipate a short  distance downstream of the  screen 
and thw leave  regions  suitable f o r  some types of investigation. Such 
nozzles might provide a meam of varying the turbulence  level in  a 
supersonic stream. Accordingly, four w'ire-meah mreem w i t h  design Mach 
numbers in the range b e m e n  1.97 end 2.58 were investigated.. The 
flow field. w m  determined with the aid of schlieren photographs, tram- 
verse Mach number snd static-pressure  distributlom at mveral  stations 
downstream of m e  acreem, an8 the axial static-pressure gradients . !Rm 
loss in t o t a l  pressure  acrws each screen was determined at the axial 
location where the flow waa coneidered most uniform. Two of' the screen8 
had the 8- design Mach  number (2.18), but w i t h  different msshee and 
wlre diantetene s o  that the effect  of changing the number of holes asd 
the wire size at one Mach number could be ascertained. 
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The follarLng symbols are used in this r e p o r t :  

a wire diameter, (in.) 

m mesh (holes /in. ) 

P static  pressure 

P t o t a l  pmssure 

Subscripts : 

0 conditions upstream of screen . 
m. 

d nom3.n.d design 

W wall 
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The investigation waa conducted i n  the 3.4- by 3.4-inch  constant- 
area duct ill- trated in  figures 1 asd 2. Four different  sizes of 
stainless  -steel  mesh were fnvestlgated.  Principal  design parameters 
a r e  ' listed in  the f ollawing table : 

Mesh, m 

number, product, m3. 
design Mach ra t io  diameter a, (in.)  (holes /in. ) 

komiml Free-mea Mesh-wire Wire diameter 

20 0.011 0.220 0 .606'-. 

2.58 .350 .420 .028 15 

2.18 .506 .288 .032 9 

2.18 .506 .288 .016 18 

1.97 

The free-mea ra t io  is the r a t i o  of open area t o  t o t a l  area of a piece 
of wlre mesh.  Because of the camplex shape of the  holes in each screen, 
a rigorous theoretical  prediction of the flow damstream of the screen 
wa8 not atteapted a;nd the nominal design Mach  nuniber wea determined 
direct ly  from t h e  free-area  ratio assuming one-dlmensional isentropic 
flow. 

Each nozzle,  except f o r  the one designed f o r  Mach number 2.58, w a 6  
fixed with solder in a recess in 8 screen holder s o  that the exposed 
area equaled thk duct area. No other  attention was given t o  the  joint 
between the screen and the w a l l s  aP the duct. The exposed section of 
the Mach  number 2.58 screen was 3.2 inches square with  the  sides  set 
i n  0.1 inch frm the w a l l s  of the  duct. 

The s t a t i c  and t o t a l  pressures in the  duct along a trassverse 
center  line at several  axial  stations were determined  with  the  probes 
i l lustrated in Sigure 2 .  In addition, smll orifices were spaced along 
the  center 1 h e  aP one duct wall t o  meaaure the axial static-pressure 
gradient. A p i t o t  tube waa uti l ized t o  measure the  total  pressure 
upstream of the  screen.  Schlieren photographs were obtained  with a 
movable schlieren systan which permitted  observation of the flow over 
most of the duct  length. 

The dew point upstream of t h e  nozzle was maintained a t  &' &loo F 
and the   a i r   to ta l  temperature  generaily a t  150° &20° F, although som6 
tes ts  were conducted a t  temperatures as low ae 90° F when the tempera- 
ture  effect  upon the flow w m  found t o  be negligible. The t o t a l  
pressure  upstream of the  nozzle waa approximately  atmospheric. Pres- 
sures were recorded on a mercury macmeter board and were read t o  the 
nearest 0.05 inch. 
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DISCFUSSION OF IzEsuLfcs 

Schlieren Photographs 

The schlieren  photopapha of the flow d m t r e a m  of the .8creerm 
( f i g  . 3 1 were taken with the lmife edge positioned f o r  ma;xlmum semi- 
t iv i ty .  Ipwo types  &-disturbance were observed: The interacting 
expans ion. and compression waves orfgfnat ing at the  screens,  called mesh 
disturbances, and strong oblique shock waves that originated at the PC 

junctions of the screens with the duct  walls,referred t o  as corner 
shaclm . 
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I n  general,  the mesh  disturbances  dlesipated  within 25 t o  40 wave 
intersections. The actual  distance appear& to decreme w i t h  increas- 
ing deneity of the  interactions (a  function of mesh s ize  and n6minal 
design Mach number) . Thus the lowest nominal design Mach number screen, 
which also had the finest mesh, had the  shortest  dissipation  distance. 
AIBO,  of the two nozzles with a design Mach number of 2.18, the one 
with the f h e r  mesh appeared t o  require a shorter  distance  for  dissi-  
pation of the mesh disturbances. The corner shocks presumably resulted 
became no particular  attention xa8 given to  the  orientation of the 
individual wire strands relat ive  to  the walls combined with  the presence 
of i n i t i a l  boundary layer. Although no a t t empt  was made t o  -rove the 
nozzle g e m t r y  a t  the duct walls, the periphery of the  highest design 
Mach number screen wae set i n  0 .1  inch from the walle in an effort t o  
fan out the corner shock and thus speed -their dissipation. The only 
significant  effect of .this modification was  to  increme  the. stream Mach-._ 
number as a result of the increased expansion. Increasing  frequency of 
interaction of the coz%er shocks w i t h  distance downstream l a  indicative 
of t h e  negative  axial Kach  number grad.ient present in the. duct. 
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Mach Number and Static-Pressure  Distributions 

The variations af Mach number and s t a t i c  pressure  along a trans - 
verse center Une at .  aeveral axial stations a m  presented in figures 4 
and 5 far the four sc2eens. The ata;t;ians W W Q . . G ~ Q S Q ~  en..@-at the flaw 
could be investigated at   d i f ferent  positiorm in the corner shock 
pattern. Each da.shed line indicates the distance from the wall t o  the 
nearest  corner shock as obeerved in  figure 3. 
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Mach 3u"ber d-tributiona  Indicated the same general flow pattern 
to exist downstream of each nozzle ( f ig .   4 (a)   to  4(d)). Fair ly  uniform 
flow (on the order of LO .05) existed downstream af the mesh disturbances 
in  central  region of the shock diamonds. Data were not recordea  wlth 
the lowest Mach number nozzle at  11.50 inches and with the Is-mesh 
nozz 1 e designed for Mach number 2.18 at 14,48.-ln~Jles became  the  duct 
clsokt?d near the p lane  of measurement when the probe w a s  present. The 
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magnitude of the drop i n  Mach  number across the reflected  corner shocks 
a t  6.44 inches downstream of the Mach number 1.97 nozzle,where  the plane 
of measurement waa about 0.5 inch downstream of the  intersection of the 
shocks, may be indicative of a shock-focusing effect similar t o  that 
observed w i t h  axially sylIHnetric nozzles. 

The Mach nuniber prof i l e a  f o r  the two scree- with the same design 
Mach nmber axe generally the same downstream of the mesh disturbancefl. 
The dissimilarity  beheen  the  profiles at 6.44 inches  probably  resulted 
because the  l ine of pressure survey w&8 almost  coincident  with the inter-  
section of the  corner shocks reflected from the windows. ( I f  the  inter- 
section of these  corner  shock^ at th i s  statim u&8 not  perpendicular to 
the  duct  walls, an aspmetrical  Mach  number profile would have been 
expected. ) 

Became inclined flar and shock waves are known t o  affect  pressure43 
recorded  with  the  tgpe of s t a t i c  probe used fn this  investigation,  the 
accuracy of the s t a t i c  pressures (& theref ore the  oalculated Mach 
numbers) in the vicinity of the  corner shoc- and the mesh disturbances 
l e  questionable. The tramverse  static-preesure  distributiom sham in 
f ig~t?es  5(a) t o  5(d)  generally  reflect the corner shock locations. 

The axial  static-pressure  gradients along the  center  line of one 
wall are given i n  figure 6. The intersectione of the  corner shock and 
the mesh disturbances with the wall account for the  noticeable  scatter. 
The increase in slope corresponding t o  as increased  rate of boundary- 
layer  grarth begimimg at 18 inches from the Mach nmiber 2.58 screen may 
be attributable  to a feedback through the boundary layer of the high 
pressure  that  existed at the end of the duct due t o  mission of a sub- 
sonic diffueer (see f ig .  2 ) .  

The variation  with mesh-wb?e diameter  product of the mean t o t a l  
pressure ratio across the screen6 at the axial stations where the f low 
w a s  consfdered most uniform (shown i n   f i g .  7) indicates that the pres-  
sure loss across  supersonic  nozzles of the  type  investigated  herein is 
very  high (from 22 percent a t  Mach number 1.58 t o  43 percent at Mach 
number 2.06) canpared w i t h  the small losses across oonventional 'GWO- 

dfmnsional nozzles. The corresponding  experhental  variation in Mach 
number shown in   f igure  7 (approximately 20 percent lower than the nomi- 
nal design Mach nuniber over  the  range  investigated)  reflects , in   par t ,  
these pressure losses . 

SUMMARY OF RESULTS 

In as investigation of the  supersonic flow f i e l d  dawnstream of 
wire-mesh nozzles,  the following results were obtained.: 
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1. Two types of dieturbance were obeemed in the flow field: a - 
f ine  network of interacting expamion and coqreseion wame which formed 
M i a t e l y  downstream  of the ecreene and appeaxed to  diesipate  within 
2 5  t o  40 mv8 intersections; and relatively  etmng oblique shock waves 
that  originated at the junction8 of the ecreens and the walla and were 
reflected throughout the length of the duct. The dietance required f o r  
the network of waves to   diss ipate  appeased t o  decrease  with  increashg 
density of the i s t e r a c t i m .  . ." 

I- cu cu 
01 

2.  Regions of f air- uniform f low wBre present d m t r e a a n  of the 
mesh dieturbances in central  regions of the shock diamonde. 

3.  The total-pressure loss acroee the  ecreem (from 22' percent a t  
Mach number 1.58 t o  43 percent a t  Mach number 2.06) recorded at axial 
stations where the flow waa coneidemd most uniform wae very hfgh 
compared wlth the lose across  conventional two-dimensional nozzles. 
The corresponding Mach nuuibere (approximately 80 percent of the narninal 
valuee  predicted by one-dlmansioaal isentropic  theory  over  the  range 
inveetigated)  reflected, in part, these pressure loeses . 
h i e  Flight Propulsion Laboratorg, 

National Wvlflory Coxunittee for' Aeronautics, 
Cleveland, Ohio, A p r i l  16,  1951. 

1. Royle, 5. K., Bowling, A .  G., and LukaEliewicz, J.: Calibration of 
Two Dbnemional and Conical  Supemonic Multi-Nozzles . 
Rep. No. Aero. 2221, S .D. 23, British R.A.E., Sept. 1947. 
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Figrw 2. Sketoh of a t , ,  pleat-static prahe. and n t a t l o  probe. 

&' dlam. 

* .  I .  

. .  i ; . . ; , -  . : .:.. . i I 
. . . . . . .- . . . 

. .  
1 I.. . . . .  .. -. . . . . .  . . .  . . ,  ., j l :  . , , / . . : . . ; I i  :. i  . ':/; I i . . . . . . . . . . . . . . . . . . . . . . . . .. . 



. .   . .  .. . 





NACA RM E5lF25 

1.7 

1.5 

1.3 

1.7 1.1 

1.5 

2 
8 1 1.3  1.9 

f 

1.6 

1.4 2.0 

1 .e 

1.6 

( a )  Wire eliameter,  0.011-inch; wire meah, 2 0 ;  nominal design KRch ..'mber, 1 .9 t .  

Figure 4. - Variation of Mach  number along  transverse  center . l ine  at several   ax ia l   Etat ima.  
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Transveree  probe position, y, i n .  

(b )  Wire diameter, 0.016 inch; wire meah, 18; nominal design Mach number, 2 .18.  

Figure 4 .  - Continued. Variatlan of Mach  number along transverse  aenter line at   several  
ax ia l   s tat ions .  
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'Transverse probe poaition, 9 ,  in. 
( c )  Wire diameter, 0.032 inah; wire mesh, 9; naminal design Mach number. 2.18. 

Figure 4 .  - Continued. Variation of Mach number along transverse center line  at several 
axial stations. 
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M a l  &stance 

1 . 6  1 .2  .8 .4 0 -4  .8 1.2 . 1 . 6  
Transverse probe posit ion,  y, i n .  

ncluded. Wire dlameter. 0.028 inch;  wire mesh, 158 .nominal design Mach  number, 2.58.  

i. - Concluded. Variation of Maoh number along  transverse  center l ine a t  several 
axial atations.  
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Transverse probe-position, y. in. 

(a) Yire CUameter. 0.011 inch; wire rcesh, a; nmlna l  design Mach number, 1.97. 

Flgure 5 .  - Static-preasure distribution along transverse  center Line a t  several axla1 stations. 
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4 
Transverse probe paeitlon. y.  in. 

(b) # i r e  diameter, 0.016 inch; wire mesh. 188 nmfna1  design Mach number. 2.18. 

F i g r e  5. - Continued. Stat ic-presawe  dlatrlbution along a trsnaverse  center  line 
at   several  ax ia l  stations. 
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Transvirse 

Axla1  distance 
ifoln screen, x 

(In. 1 

8 4.72 

1.19 
2.75 

6.44 
8.09 

14.88 

I 

0 - 4  1.2 1.6 
probe posit ion,  J ,  In. 

( 0 )  Hire diameter, 0.032 inch; wire nesh, 9; numlnal design Mach nmber. 2.18. 

F i w c  5 .  - Continued. Static-pressure distribution along a transverse center line 
a t  several. ax la l  stations. 
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0 4 a 12 16 20 24 
Axial distance from screen, x, in .  

Figure 6. - Variation of wall static pressure with axial distance f r o m  screen. 
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.1 .2 -3 . 4  
Mesh-wire  diameter  product,  md, in. 
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Figure 7. - Variation 09 total-pressure  ratio across screen and average  free- 
stream Mach  number  with  mesh-wire  diameter  product. 
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